RNA interference (RNAi) can silence genes at the transcriptional level by targeting locus-specific Lys9H3 methylation or at the post-transcriptional level by targeting mRNA degradation. Here we have cloned and sequenced genomic regions methylated in Lys9H3 in Neurospora crassa to test the requirements for components of the RNAi pathway in this modification. We find that 90% of clones map to repeated sequences and relics of transposons that have undergone repeatinduced point mutations (RIP). We find siRNAs derived from transposon relics indicating that the RNAi machinery targets these regions. This is confirmed by the fact that the presence of these siRNAs depends on components of the RNAi pathway such as the RdRP (QDE-1), the putative RecQ helicase (QDE-3) and the two Dicer enzymes. We show that Lys9H3 methylation of RIP sequences is not affected in mutants of the RNAi pathway indicating that the RNAi machinery is not involved in transcriptional gene silencing in Neurospora. We find that RIP regions are transcribed and that the transcript level increases in the mutants of the RNAi pathway. These data suggest that the biological function of the Neurospora RNAi machinery is to control transposon relics and repeated sequences by targeting degradation of transcripts derived from these regions.
INTRODUCTION
RNA interference (RNAi) is the process by which doublestranded RNA (dsRNA) leads to post-transcriptional silencing (PTGS) of cognate genes (1) and is related to transgeneinduced PTGS in plants and in Neurospora (2). The cellular machinery responsible for RNAi has been shown to include the RNAse III enzyme Dicer, an RNA-dependent RNA polymerase (RdRP), and proteins of the PPD (Piwi Paz Domain) family. PTGS is triggered when Dicer cleaves dsRNAs into 21-23 bp siRNA (3) which guide an RNA-induced silencing complex (RISC) to degrade homologous mRNA (4) .
Components of the RNAi machinery have also been shown to be involved in transcriptional or chromatin-based silencing by promoting locus-specific methylation of lysine 9 on histone H3 (lys9H3) (5) (6) (7) (8) (9) . In Schizosaccharomyces pombe, for example, mutants in the PPD protein AGO1 (ago1), Dicer (dcl1) or the RdRP (rdp1) are defective in Lys9H3 methylation in the centromeric region (5) and in the re-establishment of Lys9H3 methylation of the mating type locus (10) . Likewise, mutants in genes encoding proteins of the PPD family are defective in locus-specific Lys9H3 methylation in Arabidopsis (ago4) (7) , Drosophila (piwi) (8) and Tetrahymena (twi1) (9) . It is thought that locus-specific Lys9H3 methylation is guided by a complex called RITS (for RNA-induced initiation of transcriptional gene silencing) (11) . Like the RISC complex that targets RNA degradation, the RITS complex contains Dicer-derived siRNAs and a protein of the PPD family (4, 11) .
Lys9H3 methylation has been associated with silent genes in mammals (12) plants (13, 14) , fungi (15) and yeast (16) and is required for transposon silencing in plants (17) and heterochromatin formation in yeast (10) . Recent work indicates that Lys9H3 methylation triggers gene silencing by serving as a mark for the recruitment of Heterochromatin Protein 1 (HP1) or its yeast homolog SWI6 (10, 12, (18) (19) (20) and for DNA methylation (15) .
In addition to targeting Lys9H3 methylation, the biological function of RNAi is to silence transposons in Caenorhabditis elegans (21) and viruses in plants (22, 23) . Although resistance to some viruses in plants has been shown to be a posttranscriptional process (24) , there are indications that in plants the RNAi machinery could also be involved in chromatinbased silencing. Arabidopsis mutants defective in transgeneinduced PTGS such as in RdRP (SDE1) or in the PPD protein (AGO1) showed a reduction of transgene methylation (23, 25) . Furthermore, the Arabidopsis mutant (ago4) encoding a protein of the PPD family is defective in loci-specific Lys9H3 methylation (7) . Transposons in C.elegans have been shown to be silenced at the post-transcriptional level (21), but it is not known if transposon silencing also involves RNAi-dependent chromatin-based silencing. The fact that transposons are known targets of Lys9H3 methylation make this an attractive possibility.
In Neurospora crassa, the RNAi machinery has been shown to be required for transgene-induced post-transcriptional gene silencing [(26) and references within]. Here we have cloned and sequenced genomic regions methylated in Lys9H3 in N.crassa to test the requirements for components of the RNAi pathway in this modification. We find that 90% of clones map to repeated sequences and relics of transposons that have undergone repeat-induced point mutation (RIP). We find siRNAs derived from transposon relics, indicating that the RNAi machinery targets these regions. This is confirmed by the fact that the presence of these siRNAs depends on components of the RNAi pathway such as the RdRP (QDE-1), the putative RecQ helicase (QDE-3) and the Dicers. We show that Lys9H3 methylation of these regions is not affected in mutants of the RNAi pathway indicating that RNAi is not involved in transcriptional gene silencing in Neurospora. We find that these RIP regions are transcribed and that the transcript levels increase in the mutants of the RNAi pathway. These data suggest that the biological function of the Neurospora RNAi machinery is to control transposon relics and repeated sequences by targeting degradation of transcripts derived from these regions.
MATERIALS AND METHODS

Chromatin immunoprecipitation
Chromatin immunoprecipitations (ChIPs) were carried out as described previously (27) with some modifications. Conidia of 1 · 10 8 were inoculated in Neurospora minimal media and grown for 24 h. The mycelia were fixed in 2.5% formaldehyde for 10 min, filtered and washed with cold phosphatebuffered saline (PBS). One milligram of dry mycelia was sonicated in 5 ml of TEE and 1 ml of glass beads for 10 pulses of 30 s with 30 s resting. The insoluble debris was pellet by centrifugation and the chromatin in the supernatant was obtained by CsCl ultracentrifugation as described in (27) . Fractions with a density between 1.35 and 1.45 g/cm 3 were pooled, dialyzed and stored at À20 C. A fraction of chromatin was de-crosslinked to determine the concentration. The equivalent of 15 mg of chromatin were used for immunoprecipitation (IP) with three different anti-trimethyl Lys9H3 antibodies that were provided as gifts from Dr Thomas Jenuwein or Dr Prim Singh or purchased from AbCam. DNA was resuspended in 100 ml of H 2 O and 2 ml was used for the PCR.
Cloning of Lys9H3 methylated regions
Cloning was done as described previously (28) . Briefly, DNA from five immunoprecipitations carried out with an antitrimethyl Lys9H3 antibody (A gift from Dr Prim Sing) was combined and treated with Mung bean nuclease to make blunt ends. The treated DNA was phenol extracted, ethanol precipitated and cloned into the pCR4Blunt-TOPO (Invitrogen). Randomly selected clones were sequenced.
Quantification of immunoprecipitated DNA
The quantification was done on the Roche's LightCycler using Roche's FastStart DNA Master SYBR green 1 Kit. Only IPs that showed a more than 5-fold enrichment over mock IPs of the same chromatin were used for quantification. The relative values were obtained by dividing the values obtained for the cloned gene by the values obtained for the wc-1 gene, which were extrapolated from individual external standard curves made with serial dilutions of input DNA. The error bars represent the standard deviation of two different immunoprecipitations carried out with two different antibodies and analyzed in duplicates.
Small RNA purification and northern analysis
Small RNA purification was performed as described previously (29) with modifications (30). Single-stranded RNA probes were prepared by T3 RNA polymerase transcription of Not1-digested pCR4Blunt vector containing the desired sequence using 32 P-labeled uridine triphosphate (50 mCi per 20 mL reaction volume; specific activity 3000 Ci/mmol; New England Nuclear). To remove plasmid template, the reaction was incubated at 37 C for 15 min with RNase-free DNase I (Roche). To break labeled transcripts to an average size of 50 nt, 300 mL of 80 mM sodium bicarbonate and 120 mM sodium carbonate were added to the transcriptional reaction and incubated at 60 C for 3 h. To stop the hydrolysis reaction of the transcript, 20 mL of 3 M sodium acetate (pH 5.0) was added.
Reverse transcription and quantitative PCR
Reverse transcription (RT) was carried out with SuperScript II H-Reverse transcriptase (Invitrogen) according to the manufacturer's instructions except for the following: the amount of total RNA was 2.5 mg and the amount of gene specific primer was 2 pmol. One-tenth of the RT reaction volume was used for quantitative PCR. The quantification was done using an external standard curve made with a serial dilution of one of the RT reaction. The efficiency of reverse transcription among different samples was normalized by including an actin-specific primer in all RT reactions and quantifying the amount of actin RNA.
N.crassa strains, media and growth conditions
Strains were grown in Vogel's minimal medium for Neurospora in the presence of appropriate nutritional supplements and/or selectable markers (30) . The stably silenced strain (6xw) was described previously (31) as well as the qde mutant strains (32), Ddim5 strain (Chicas et al., submitted) and Ddcl1/ dcl2 strain (26) . Strains 74-OR23A (FGSC N 987) and 74-OR8a (FGSC N 988) were obtained from the Fungal Genetics Stock Center, University of Kansas, Kansas City, KS.
RESULTS
Identification of genomic regions methylated in Lys9 of histone H3
Lys9H3 methylation has been shown to be associated with promoters of silenced genes (12) , with repeated DNA sequences (28) and transposons (17) and is required for the formation of heterochromatin in S.pombe (5,6) and for DNA elimination in Tetrahymena (33). In Neurospora, Lys9H3 methylation is carried out by DIM-5 and is required for DNA methylation (15) . A recent study showed that DNA methylation in Neurospora is associated exclusively with sequences that have undergone RIP (34) . The dim-5 mutant, however, shows growth and fertility defects that are not observed in the DNA methyltransferase mutant dim-2, suggesting that Lys9H3 methylation has functions in addition to directing DNA methylation (15) . To examine the role of the RNAi machinery in locus-specific Lys9H3 methylation and to uncover possible new roles for this modification, we set out to clone and sequence Lys9H3 methylated regions in N.crassa. This was carried out by immunoprecipitating formaldehyde crosslinked chromatin with an antibody that recognizes trimethylated Lys9H3. The chromatin was obtained from a strain that was transformed with a plasmid containing the qa-2 gene and a fragment of the al-1 gene (31) . We have shown previously that this transgene is hypermethylated on Lys9H3 (Chicas et al., manuscript in preparation) and it was used as an internal control for our experiment. The co-immunoprecipitated DNA was cloned as described in (28) and randomly selected clones were sequenced. As would be expected, one of the histone H3 methylated clones (HMCs) contained the qa-2 transgene (Table 1, HMC7) . To map the remaining HMCs, we used BLAST to search for our sequences in the N.crassa databank at www.broad.mit.edu/annotation/fungi/ neurospora. We found that 37 of 50 (74%) HMCs mapped to repeated DNA regions and transposon relics that have undergone RIP (Table 1 and Supplementary Material). Seventy-four percent is a substantial enrichment for these regions considering that RIP sequences represent 10% of the genome of Neurospora (35) . Five of the sequences (10%) mapped to single genes, and no match was found for eight sequences (16%) ( Table 1 and Supplementary Material). RIP causes G:C to A:T point mutations of repeated sequences in Neurospora that create sequences with particular dinucleotide frequencies and high A + T content. We therefore determined if the eight sequences that did not find a match in the Neurospora databank were RIP sequences by calculating dinucleotide frequencies or RIP indices (36) . All eight HMCs showed indices typical of RIP sequences (see Supplementary Material). Thus RIP sequences are 90% enriched in our pool of clones. These results are consistent with the previous observations that DNA methylation in Neurospora is found associated exclusively with RIP sequences (34) and that Lys9H3 methylation is the mark for DNA methylation (37) .
To confirm that the genomic HMCs were effectively hypermethylated in Lys9H3, we determined the enrichment in Lys9H3 methylation at the HMCs using ChIP and quantitative PCR. Chromatin was immunoprecipitated with the antitrimethylated Lys9H3 antibody and the co-precipitated DNA was analyzed by quantitative PCR using SYBR green 1 and region-specific primers. As shown in Figure 2 , four HMCs that mapped to RIP sequences showed enrichment in Lys9H3 The discontinuity in the numbering is due to clones that were not sequenced due to technical problems or clones from single genes that were found not to be hypermethylated in Lys9H3 by ChIP and quantitative PCR.
methylation (Figure 2A-D ; wt lanes). In contrast, no enrichment in Lys9H3 methylation was found in the five HMCs that mapped to single copy genes (data not shown). Some of the single copy genes were found to be enriched in trimethylated Lys4H3 (data not shown). Since the antibody used for the immunoprecipitation for the cloning has been reported to cross-react with trimethyl Lys4H3 (38) , this would explain why these single copy genes were also cloned. Analysis of RIP regions revealed that they are hypomethylated in Lys4H3 relative to our reference gene (data not shown). These data indicate that Lys9H3 methylation, like DNA methylation, is mainly associated with RIP sequences in Neurospora.
siRNA derived from transposons relics siRNAs are thought to be the determinants of specificity in both RNAi-dependent transcriptional and post-transcriptional gene silencing. In fact, siRNAs have been associated with both transcriptional and post-transcriptional gene silencing (39) and are part of the RITS and RISC complexes that target locusspecific Lys9H3 methylation and RNA degradation, respectively (11, 4) . To test whether RNAi is required for Lys9H3 methylation of our cloned regions, we first looked for siRNAs derived from the HMCs. siRNAs corresponding to three transposon relics were detected in a wild-type strain by northern blot analysis ( Figure 1A-C) . To determine the requirements for components of the Neurospora RNAi machinery in the accumulation of the HMCs-derived siRNAs, we also looked for these siRNAs in the qde-1, qde-2 and qde-3 mutants corresponding to mutations in the RdRP, the PPD protein and the putative RecQ helicase, respectively, and in a strain deleted in the two Neurospora Dicer genes (dcl-1/dcl-2). We have shown previously that these mutants are defective in transgene-induced PTGS in Neurospora [(26) and references within]. Similar to what we have observed for transgeneinduced PTGS, the presence of these siRNAs depend on a functional QDE-1, QDE-3 and the Dicers as they are not detected in the qde-1, qde-3 and dcl-1/dcl-2 mutants ( Figure  1A-C) . Similar to the case of transgene-induced PTGS, there appears to be an accumulation of the siRNAs in the qde-2 mutant (Figure 1 ) (30) . These data indicate that the RNAi machinery controls transposon relics in Neurospora.
Locus-specific Lys9H3 methylation is independent of the Neurospora RNAi machinery
RNAi can silence genes at the transcriptional level by targeting locus-specific Lys9H3 methylation or at the post-transcriptional level by targeting mRNA degradation. Components of the RNAi pathway are known to be required for transgeneinduced post-transcriptional gene silencing in Neurospora [(26) and references within]. To examine whether components of the Neurospora RNAi pathway are also involved in chromatin-based silencing, we tested the requirement for components of the Neurospora RNAi machinery for Lys9H3 methylation of the HMCs. Chromatin from the different strains was immunoprecipitated with an anti-trimethyl Lys9H3 antibody and the DNA co-precipitated was analyzed by quantitative PCR. Figure 2 shows that Lys9H3 methylation was not affected in any of the qde mutants or the Ddcl-1/dcl-2 strain in four regions analyzed (HMC4, HMC6, HMC17, HMC34). In contrast, and as expected, a clear loss of Lys9H3 methylation was detected in a strain in which we have deleted DIM-5 (Chicas et al., unpublished data) (Figure 2 ). These data indicate that the Neurospora RNAi machinery is not required for locus-specific LysH3 methylation. To confirm our results, we examined whether the qde mutants affected Lys9H3 methylation in other regions. We examined the pund locus, which has been shown to be hypermethylated at Lys9H3 (37) and the Tcen region of centromere VII (40) because it has been shown that Lys9H3 methylation of the S.pombe centromeric regions requires the components of the RNAi machinery (5). Quantitative PCR analysis with primers specific for the Tcen region, a centromere-specific, copia-like element indicates that this region is enriched in Lys9 methylated H3 ( Figure 2F ). No significant changes in Lys9H3 methylation were detected in the qde mutants or in Ddcl-1/dcl-2 strain at the Tcen or pund regions ( Figure 2E and F) . Again as expected, a clear loss of this mark is detected in the Ddim-5 strain. These data demonstrate that components of the RNAi pathway are not required for locus-specific Lys9H3 methylation in Neurospora.
Transcripts derived from repeated DNA sequences are targets of the Neurospora RNAi machinery
The presence of siRNAs derived from the HMCs suggests that these regions are transcribed despite the hypermethylation of Lys9H3, the DNA methylation and the mutations caused by Figure 1 . Transposon relics derived siRNAs. RNA blots were hybridized with probes for the indicated regions. HMC17 is a relic of Tad, HMC38 is a maggy relic and HMC48 is a gypsy relic. The low-molecular-weight RNAs were extracted from a wild-type strain or from the indicated mutants. qde-1 is a mutant in the RdRP, qde-2 is a mutant in the PPD protein, qde-3 is a mutant in the putative RecQ helicase and dcl-1/dcl-2 is a double mutant in the two Neurospora Dicer genes.
RIP. To search for transcripts derived from these regions, we carried out RT-PCR. We detected bidirectional transcripts derived from four repeated regions tested although at low levels ( Figure 3A ), confirming that these regions are effectively transcribed. To determine if the RNAi machinery targeted these transcripts for degradation, we quantified transcripts derived from the pund region in the wild type and qde mutant strains. Figure 3B shows that the levels of the transcripts increased in the qde mutants, suggesting that the RNAi machinery targets these transcripts for degradation. These data suggest that the biological function of the Neurospora RNAi machinery is to control RIP sequences by targeting degradation of RNAs derived from these regions.
DISCUSSION
Lys9H3 methylation has been associated mainly with silenced repeated sequences (5, 17, 28) but also with silenced single genes (12, 13, 16) . In Neurospora, Lys9H3 methylation is required for DNA methylation (15) and DNA methylation is exclusively associated with sequences that have undergone RIP (34) . Our results that the HMCs mapped predominantly to RIP sequences, such as repeated sequences and relics of transposons, is consistent with the previous observation that Lys9H3 methylation is the mark that triggers DNA methylation (15) . N.crassa contains many relics of transposons (representing 46% of the Neurospora RIP-mutated repetitive sequences) but no active transposon elements, which is a testament to the efficiency of RIP in inactivating transposons (35) . RIP takes place during the sexual cycle of Neurospora; therefore cells have to go through meiosis in order to inactivate transposons by RIP. During vegetative growth, active transposons experimentally introduced into Neurospora have been shown to be silenced by DNA methylation (41) . Even though RIP by itself can inactivate transposons, the products of RIP are also the only known targets for DNA methylation in Neurospora (34). The presence of siRNA derived from transposon relics indicates surprisingly that these relics are also under the control of the RNAi machinery. siRNAs are thought to silence genes at the transcriptional level by targeting locus-specific Lys9H3 methylation. Consistent with this idea, siRNAs derived from heterochromatic regions have been found in Drosophila (42) and in S.pombe (43) , and components of the RNAi machinery are required for locus-specific Lys9H3 methylation in S.pombe (5,6), Arabidopsis (7), Drosophila (8) and Tetrahymena (9). Our analyses of diverse loci indicate that siRNAs and other components of the Neurospora RNAi machinery are not required for locus-specific Lys9H3 methylation. In contrast, we found that transcripts derived from RIP sequences increase in RNAi mutants. Consistent with previous results (30) , in a qde-2 mutant background siRNAs are accumulated normally since the QDE-2 protein was found acting downstream of the siRNA production. Together, these results suggest that the Neurospora RNAi machinery is mainly dedicated to post-transcriptional gene silencing and is not involved in chromatin-based silencing, although in Neurospora a RITS-like complex may exist as suggested by the presence of predicted homologs of S.pombe Chp1 and Tas3. Interestingly, it appears that RIPed sequences are targeted contemporarily by two different and independent silencing pathways. First, these sequences are hypermethylated at Lys9H3 and are presumably transcriptionally silenced. Second, the transcripts are also degraded by post-transcriptional silencing. This redundancy may lead to an increased silencing efficiency. It is worth noting that although hypermethylated the RIPed sequences are transcribed, suggesting that the transcriptional silencing is not able to completely block transcription. Moreover, this seems to be true not only in Neurospora but also in S.pombe where the transcriptionally silent centromeric regions produce transcripts that are the target of the RNAi machinery.
The divergence in the requirement for the RNAi machinery for loci-specific Lys9H3 methylation between Neurospora and other organisms could be due to the known structural differences between the Neurospora Lys9H3 methyltransferase and that of other organisms. DIM-5, the Lys9H3 methyltransferase in Neurospora, unlike its counterparts in S.pombe, Drosophila and mammals lacks a chromodomain (15) . This domain has been shown to bind RNA (44) in addition to recognizing the Lys9H3 methylation mark (18) . It could be that since DIM-5 lacks this chromodomain, it uses a different mechanism for recognizing sequences to be Lys9H3 methylated. As we have demonstrated here, Lys9H3 methylation mainly targets RIP sequences. RIP causes G:C to A:T point mutations of repeated sequences in Neurospora with a strict sequence preference that creates sequences with high A + T content (36) . DIM-5 could, therefore, directly or indirectly recognize RIP sequences due to their characteristic high A:T content. This is consistent with the observation that RIP sequences or oligonucleotides with a rich A:T content are sufficient to induce de novo DNA methylation in Neurospora (45) and with the observation that both the DNA methylated regions and the HMCs map exclusively to RIP sequences. It is worth noting that the cenH region of S.pombe, like the RIP sequences, has a high A:T content and that Lys9H3 methylation of the A:T-rich regions of cenH is independent of the RNAi machinery (6), suggesting that CLR-4 like DIM-5 can also methylate A:T-rich regions independent of the RNAi machinery.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
